1. Introduction {#sec1-polymers-12-01370}
===============

There is growing demand for dielectric materials with high energy density for capacitor applications. The energy density of a dielectric material is related to the dielectric constants and dielectric breakdown strength of the material \[[@B1-polymers-12-01370],[@B2-polymers-12-01370]\]. Dielectric polymers have the advantages of being light-weight, easy to process and low cost and of having a high breakdown strength, and the materials are an important class of materials for energy storage applications \[[@B3-polymers-12-01370],[@B4-polymers-12-01370],[@B5-polymers-12-01370],[@B6-polymers-12-01370]\]. Poly(vinylidene fluoride) (PVDF)-based ferroelectric polymers have higher dielectric constants than many dielectric polymers and a high energy density has been achieved in this type of material \[[@B7-polymers-12-01370],[@B8-polymers-12-01370],[@B9-polymers-12-01370]\]. For example, an energy density higher than 25 J/cm^3^ was obtained in P(VDF-CTFE) copolymers, which is promising for capacitor applications \[[@B9-polymers-12-01370],[@B10-polymers-12-01370],[@B11-polymers-12-01370]\]. Because breakdown strength is a parameter that determines the energy density of polymers, understanding the mechanism of the breakdown strength is important for improving the breakdown strength and energy density. For solid dielectrics, different dielectric breakdown mechanisms have been proposed, including charge injection, avalanche mechanism, electromechanical breakdown and thermal mechanism \[[@B12-polymers-12-01370],[@B13-polymers-12-01370]\]. The breakdown mechanisms of PVDF-based materials have also been studied. For example, Chen et al. found that hole injection is a major cause for the breakdown of PVDF-based terpolymers \[[@B14-polymers-12-01370]\]. In another study, it was proposed that the electromechanical breakdown mechanism is responsible for the dielectric breakdown of P(VDF-CTFE) \[[@B15-polymers-12-01370]\]. Therefore, the key mechanism that is responsible for the dielectric breakdown is not completely understood and further study is needed to understand the dielectric breakdown mechanism of PVDF-based polymers.

Dielectric barrier discharge (DBD) treatment is a high voltage gas discharge method with non-thermal plasma at atmospheric pressure \[[@B16-polymers-12-01370],[@B17-polymers-12-01370]\]. In this method, a dielectric barrier is used in the discharge gap, by which the electric current and spark formation can be suppressed, as schematically shown in [Figure 1](#polymers-12-01370-f001){ref-type="fig"}. It was found that the DBD arises from a massive amount of individual tiny breakdown channels, which are considered as microdischarges \[[@B18-polymers-12-01370]\]. Due to the lack of sparks, dielectric barrier discharge is also called silent discharge, and it is widely applied to modify polymer surfaces to improve physical and chemical properties of polymers, such as wettability, printability and adhesion \[[@B19-polymers-12-01370],[@B20-polymers-12-01370],[@B21-polymers-12-01370]\]. For dielectric applications, in order to increase the surface insulation performance of polymers, DBD has been used to modify the surface properties of epoxy material, as reported in a recent work \[[@B22-polymers-12-01370]\]. Liu et al. used DBD to modify the surface of PET (polyethylene terephthalate) polymer and it was found that the modification had little effect on the dielectric properties \[[@B23-polymers-12-01370]\]. Nevertheless, there are few studies related to the effect of DBD on dielectric properties of polymers.

In this work, DBD was used to modify the surface of one side of P(VDF-CTFE) (15 wt % CTFE) film to study the effect of the treatment on the dielectric properties and breakdown strength of polymers. We found that the breakdown strength was reduced when the treated surface was connected to the high potential end of the power supply for the breakdown test. We propose that the breakdown of the film is initiated from the high potential side of the film. The damage of the surface by the DBD treatment and hole injection are two major factors causing the reduction in the breakdown strength. This work provides an in-depth understanding of the breakdown mechanism of the P(VDF-CTFE) polymer, which is important for the improvement of energy storage performance of the polymer.

2. Materials and Methods {#sec2-polymers-12-01370}
========================

P(VDF-CTFE) (15 wt % CTFE) blown films (around 10 µm thick) were provided by PolyK Technologies (State College, PA, USA). X-ray diffraction (XRD) patterns of the polymers were obtained using a SmartLab TM9kw diffractometer (Rigaku, Tokyo, Japan). The X-ray diffraction used Cu-Kα radiation and the wavelength was 0.15406 nm. The Fourier-transform infrared spectra (with attenuated total reflectance, ATR-FTIR) of the samples were obtained using a Thermo Fisher-Nicolet 6700 FTIR Spectrometer (Nicolet, Madison, WI, USA) with a diamond probe. The surface morphology of all samples was characterized by a SU8220 field emission scanning electron microscope (FE-SEM) (Hitachi Ltd, Hitachi, Japan). X-ray Photoelectron Spectroscopy (XPS) was performed by ESCALAB 250 (Thermo-VG Scientific, Waltham, MA, USA), which was calibrated with reference to C1s at 284.8 eV to eliminate interference from the charging. Atomic Force Microscope (AFM) measurement was taken with a DI Innova scanning probe microscope (Veeco Inc, Plainview, NY, USA). The AFM measurement used tapping mode with a silicon probe. To test the dielectric constant, polarization-electric field (P-E) hysteresis loops and breakdown strength, gold electrodes were coated on both sides of the film via a DC sputtering method using a sputter coater (EMS150T, Electron Microscopy Sciences, Hatfield, PA, USA). The dielectric properties of the polymer samples as a function of temperature were measured using an LCR meter (Agilent E4980A, Agilent Technologies, Santa Clara, CA, USA) equipped with a temperature chamber. The P-E loops were measured using a modified Sawyer-Tower circuit (PolyK Technologies, State College, PA, USA) and the test frequency was 10 Hz. The breakdown strength was measured by a system consisting of a controlling circuit and a high voltage amplifier (10/10B-HS, Trek, Lockport, PA, USA) with a 200 V/s ramping rate. For the dielectric barrier discharge (DBD) treatment, the films were placed on the ground electrode, as shown in [Figure 1](#polymers-12-01370-f001){ref-type="fig"} and a high voltage was applied to the electrodes by a compact microsecond-pulse generator with a semiconductor opening switch (SOS) \[[@B24-polymers-12-01370]\]. The polymer films were treated at 8 kV for 60 s, 10 kV for 15 s and 60 s with a 1 mm gap distance to generate a filamentary discharging mode. The treatment performed at 8 kV did not generate a stable dielectric barrier discharge. Only one side of each film was treated by the DBD.

3. Results and Discussion {#sec3-polymers-12-01370}
=========================

[Figure 2](#polymers-12-01370-f002){ref-type="fig"}a shows the XRD patterns of the treated and untreated films. The crystalline phase of the films is determined to be an α-like phase, as manifested by the (100) and (110) peaks near 20° \[[@B25-polymers-12-01370],[@B26-polymers-12-01370]\]. All the treated films have these two peaks without any shift or obvious change of peak intensity ratio, indicating that the DBD treatment has no discernible effect on the crystal structure. The results of ATR-FTIR spectra shown in [Figure 2](#polymers-12-01370-f002){ref-type="fig"}b are consistent with the XRD study. The peaks around 615, 761 and 975 cm^−1^ are assigned to the TGTG' conformation which represents the *α* phase. The weak peaks around 840 and 1281 cm^−1^ correspond to the T~m\>4~ and T~3~G conformation. These results indicate that the crystalline phase of all films is mainly *α* phase. No obvious change in microstructure after DBD treatment can be observed from FTIR data \[[@B27-polymers-12-01370],[@B28-polymers-12-01370]\]. The surface morphology of the films before and after DBD treatment was observed by SEM and the surface images are shown in [Figure 3](#polymers-12-01370-f003){ref-type="fig"}. From [Figure 3](#polymers-12-01370-f003){ref-type="fig"}, we can see that no obvious change of surface morphology can be observed in micrometer scale after the DBD treatment.

[Figure 4](#polymers-12-01370-f004){ref-type="fig"}a shows the frequency dependences of the dielectric properties of the pristine film and the DBD-treated films at room temperature. As shown in [Figure 4](#polymers-12-01370-f004){ref-type="fig"}a, the dielectric constant of the untreated film is \~12. The treatment at 8 kV for 60 s and 10 kV for 15 s slightly increase the dielectric constant without changing the dielectric loss. The dielectric constant of the film treated at 10 kV 60 s was reduced compared with pristine film. Additionally, the dielectric loss is slightly increased, especially at a high temperature, which probably occurs because of over-exposure in the DBD treatments and damage to the film. The P-E loops of the treated and untreated films measured at 300 MV/m are presented in [Figure 4](#polymers-12-01370-f004){ref-type="fig"}b and show that the DBD treatment does not significantly modify the polarization response under a high field.

The dielectric breakdown field of the untreated and treated P(VDF-CTFE) films was measured and the results were analyzed by Weibull distribution, as shown in [Figure 5](#polymers-12-01370-f005){ref-type="fig"} \[[@B14-polymers-12-01370]\]. The characteristic breakdown field of the samples is summarized in [Table 1](#polymers-12-01370-t001){ref-type="table"}. For P(VDF-CTFE), the dielectric breakdown strength is about 473.97 MV/m, which is consistent with the results reported in the literature \[[@B10-polymers-12-01370],[@B29-polymers-12-01370]\]. For the DBD-treated films, there is an untreated surface and a treated one. The results shown in [Table 1](#polymers-12-01370-t001){ref-type="table"} indicate that the breakdown field of the DBD treated film is dependent on the connection of the two surfaces with the power supply for the breakdown test. The film treated at 8 kV for 60 s has a dielectric breakdown strength similar to that of the untreated film regardless of which surface is connected to the high potential side of the power supply. For the films treated at 10 kV for 15 s and 60 s, if the treated surface is connected to the low potential side of the power supply, the dielectric breakdown strength is almost the same as that of the untreated film. However, if the treated surface is connected to the high potential side, the breakdown field is significantly reduced by at least 154 MV/m for the 10 kV 15 s samples and 32 MV/m for the 10 kV 60 s samples.

According to the XRD, FTIR-ATR spectra and dielectric data, it is obvious that the lowering of the breakdown strength by connecting the DBD-treated surface of the P(VDF-CTFE) film to the high potential end of the power supply is not caused by the change in the microstructure and properties of bulk, but is related to the modification of the surface of the films by DBD treatments. Because the results of XRD, FTIR and dielectric properties primarily reflect the bulk properties of the polymer, to investigate the effect of DBD treatment on the surface properties, XPS and AFM tests were performed \[[@B30-polymers-12-01370],[@B31-polymers-12-01370]\]. XPS measurement was conducted to characterize the change of surface chemistry of the films after the films were treated by DBD. The XPS spectra of the untreated film and the film treated under different conditions is shown in [Figure 6](#polymers-12-01370-f006){ref-type="fig"}a, and the content of different elements in the films is calculated and summarized in [Table 2](#polymers-12-01370-t002){ref-type="table"} \[[@B32-polymers-12-01370],[@B33-polymers-12-01370]\]. From [Figure 6](#polymers-12-01370-f006){ref-type="fig"}a, the F peak and Cl peak of the 8 kV 60 s sample are similar to the P(VDF-CTFE), while for the samples treated at 10 kV, they are weakened. Meanwhile, the O peak increases for the samples treated at 10 kV. From [Table 2](#polymers-12-01370-t002){ref-type="table"}, we can see that the surface composition of the film changes significantly after DBD treatment. The content of oxygen increases greatly at the expense of F and Cl elements. [Figure 6](#polymers-12-01370-f006){ref-type="fig"}b shows the C1s spectra of P(VDF-CTFE) and film treated at 10 kV for 15 s. The C1s band can be deconvoluated into six peaks, which can be assigned to C--C (284.8 eV), C--O (285.94 eV), C--CF (286.85 eV), C--F (288.99 eV), CF~2~/CFCl (291.31 eV) and CF~3~ (294.48 eV). The peaks of C--O, C--CF, C--F, CF~2~/CFCl and CF~3~ shift to lower binding energy, which indicates the reduction of strong electron-withdrawing groups. This may be caused by some positive defects due to the defluorination and dechlorination under high voltage \[[@B32-polymers-12-01370],[@B34-polymers-12-01370]\]. From [Figure 6](#polymers-12-01370-f006){ref-type="fig"}c, the peaks for O 1s, F 1s and Cl 2p also shift to a lower binding energy. Therefore, the XPS results suggest that the DBD treatment causes defluorination and dechlorination of surface and induces the damage of polymer chains on the surface \[[@B35-polymers-12-01370],[@B36-polymers-12-01370]\]. At the same time, the surface is oxidized, and the oxidation may chemically degrade the polymer chains \[[@B37-polymers-12-01370],[@B38-polymers-12-01370]\].

In addition to the change in surface chemistry, DBD treatment has a significant effect on the morphology of the surface of the film at nanoscale. The surface morphology of the treated and untreated films was characterized by AFM and is shown in [Figure 7](#polymers-12-01370-f007){ref-type="fig"}. In [Figure 7](#polymers-12-01370-f007){ref-type="fig"}, for each sample, plane and three-dimensional views of the surface were presented. The surface roughness (Ra) of the films is summarized in [Table 3](#polymers-12-01370-t003){ref-type="table"} \[[@B38-polymers-12-01370],[@B39-polymers-12-01370],[@B40-polymers-12-01370],[@B41-polymers-12-01370]\]. As shown in [Figure 7](#polymers-12-01370-f007){ref-type="fig"}, the DBD treatment increases the surface roughness of the polymer film, especially in the film treated at 10 kV for 15 s. The surface roughness of untreated film is approximately 22.4 nm, and increases to 87.7 nm after the film is treated at 10 kV for 15 s. Further treatment at 10 kV for 60 s seems to smooth over the surface and the roughness is reduced. Both the XPS and AFM results suggest that the DBD treatment can chemically produce appreciable damage on the film surface.

For dielectric breakdown, the thermal and electromechanical mechanisms are primarily dependent on the bulk properties of the polymer. However, the XRD, FTIR and dielectric results indicate that the bulk properties were not changed by the DBD treatment. The treatment only changed the surface of the polymer film. Therefore, it can be concluded that the observed change of breakdown behavior in the treated film is caused by the change of the surface. Prior studies suggest the dielectric breakdown of dielectric polymers is often initiated at the dielectric/electrode interface \[[@B42-polymers-12-01370]\]. The injected charge from the electrodes impacts the polymers, causing the deterioration of the polymer and dielectric breakdown of the dielectrics under electrical stress. Because the surface of the P(VDF-CTFE) films is damaged by the DBD treatment, the destruction of the integrity of the surface polymer chain reduces its resistance to injected charge and some defects due to defluorination and dechlorination can initiate the material breakdown process faster. It is understandable that the breakdown field can be reduced in the treated films under the influence of charge injection. The injected charge can be electron or hole. Since the reduction in the breakdown field is observed only in the film whose treated surface is connected to the high potential end of the power supply, it implies that hole injection is a predominant process initiating the dielectric breakdown of P(VDF-CTFE) films \[[@B43-polymers-12-01370]\]. This conclusion is consistent with those obtained in the studies of other PVDF-based polymers, such as PVDF-based terpolymers \[[@B14-polymers-12-01370]\]. We also observe that the dielectric breakdown is reduced more significantly in the film with a rougher surface. This can be explained by the greater field concentration on a rougher surface, which causes more severe impact damage of the polymer chains by injected holes under a high applied electric field \[[@B44-polymers-12-01370],[@B45-polymers-12-01370],[@B46-polymers-12-01370]\].

4. Conclusions {#sec4-polymers-12-01370}
==============

In summary, DBD (dielectric barrier discharge) treatment was used to modify the surface of P(VDF-CTFE) films, and the effect of the treatment on the dielectric breakdown field was studied. We found that the dielectric field of the treated film is dependent on which surface is connected to the high potential side of the high voltage power supply used for the breakdown test. A significant reduction in the breakdown field is observed when the surface subjected to DBD treatment is connected to the high potential side of the power supply for the breakdown test, and the breakdown field almost does not change if the treated surface is connected to the low potential end. These results indicate that the breakdown of the P(VDF-CTFE) film is mainly initiated by hole injection at the polymer/electrode interface. Because the DBD treatment causes damage to the polymer chains on the surface of the film, the breakdown field is reduced when the treated film is connected to the high potential side during the breakdown test. This work presents an important experimental study towards the understanding of the breakdown mechanisms in P(VDF-CTFE) polymer.
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![A schematic of dielectric barrier discharge (DBD). The left part of HV (High voltage source) represents a compact microsecond-pulse generator.](polymers-12-01370-g001){#polymers-12-01370-f001}

![(**a**) XRD patterns of P(VDF-CTFE) and films modified by DBD under different conditions. (**b**) ATR-FTIR spectra of P(VDF-CTFE) and films modified under different conditions.](polymers-12-01370-g002){#polymers-12-01370-f002}

![The surface SEM images of (**a**) P(VDF-CTFE). (**b**) The film treated at 8 kV for 60 s. (**c**) The film treated at 10 kV for 15 s. (**d**) The film treated at 10 kV for 60 s.](polymers-12-01370-g003){#polymers-12-01370-f003}

![Characterization of the low-field and high-field dielectric properties of films. (**a**) The dielectric constant (solid lines) and loss (dotted lines) at different frequencies. (**b**) The polarization-electric field (P-E) loop at 300 MV/m.](polymers-12-01370-g004){#polymers-12-01370-f004}

![Weibull analysis of the dielectric breakdown strength data of the P(VDF-CTFE) film and the DBD-treated films. For the treated films, breakdown tests were performed with the treated surface connected to either the high potential or low potential side of the power supply.](polymers-12-01370-g005){#polymers-12-01370-f005}

![(**a**) The XPS survey scan of P(VDF-CTFE) and the films treated under different conditions. (**b**) Carbon (C 1s) spectra of P(VDF-CTFE) and the film treated at 10 kV for 15 s. (**c**) Oxygen (O 1s), fluorine (F 1s) and chlorine (Cl 2p) spectra of P(VDF-CTFE) and the film treated at 10 kV for 15 s.](polymers-12-01370-g006){#polymers-12-01370-f006}

![The surface morphology and roughness characterized by Atomic Force Microscope (AFM). (**a**) Untreated P(VDF-CTFE) film. (**b**) The film treated at 8 kV for 60 s. (**c**) The film treated at 10 kV for 15 s. (**d**) The film treated at 10 kV for 60 s.](polymers-12-01370-g007){#polymers-12-01370-f007}

polymers-12-01370-t001_Table 1

###### 

The dielectric breakdown strength of the pristine P(VDF-CTFE) film and the film treated under different conditions (Unit: MV/m).

  Treatment Conditions                               P(VDF-CTFE)   8 kV 60 s   10 kV 15 s   10 kV 60 s
  -------------------------------------------------- ------------- ----------- ------------ ------------
  Treated surface connected to low potential side    473.97        480.67      473.95       483.47
  Treated surface connected to high potential side   473.97        495.58      319.36       442.07

polymers-12-01370-t002_Table 2

###### 

The element content of P(VDF-CTFE) and the films treated by DBD.

  Elements      F        Cl      O       C
  ------------- -------- ------- ------- --------
  P(VDF-CTFE)   24.08%   1.17%   0.78%   73.97%
  8 kV 60 s     22.61%   1.09%   1.55%   74.75%
  10 kV 15 s    14.56%   0.72%   3.18%   81.54%
  10 kV 60 s    13.47%   0.40%   4.75%   81.38%

polymers-12-01370-t003_Table 3

###### 

The surface roughness (Ra) of P(VDF-CTFE) and films treated by DBD (Unit: nm).

  Treatment Conditions   P(VDF-CTFE)   8 kV 60 s   10 kV 15 s   10 kV 60 s
  ---------------------- ------------- ----------- ------------ ------------
  Ra                     22.4          25.3        87.7         30.3
